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I, Professor Stephen R. Sprang, declare and state as follows: 

1 . I am a Professor in the Department of Biochemistry at the University of Texas 
Southwestern Medical School. The Board of Regents of the University of Texas System is the 
assignee of this patent application. 1 have authored numerous scientific papers in the field of 
protein regulation, and I am familiar with this patent application. A copy of my curriculum vitae 
is attached. 

2. HIF2a PAS B domain is an art-recognized, defined protein domain, and one skilled in 
the art does not require undue effort or experimentation to recognize and procure an HTF2a PAS 
B domain for use in the claimed methods, as documented for example by Erbel et al. , Proc. Natl. 
Acad ScL 100(2003): 1 5504-9. In my opinion the Specification enables one skilled in the art to 
practice the invention without undue experimentation. 

3. HlF2a PAS B domain is an art-recognized, defined protein domain, and one skilled in 
the art has no trouble recognizing an HiF2a PAS B domain for use in the claimed methods. 
There are many scientific publications describing the HIF2ct PAS B domain, and how to use it 
(e.g. Erbel et al. , 2003, supra). In my opinion the specification amply describes and exemplifies 
the claimed methods to one skilled in the art. 

4. Vogtherr (2003) generally describes the use of NMR-based screening for lead discovery; 
Amezcua (2002) describes the used of NMR to detect ligand binding to PAS kinase; Ema (1997) 
reports that HlFla heterodimerizes with ARNT (note that HJFlct is structurally and functionally 
distinct from the recited HIF2a; SowTer at al, Cancer Res. 63(2003): 6130-4 and Raval et al, 
Mol Cell Biol 25(2005): 5675-86); and Fukunaga (1995) reports identification of functional 
domains of the aryl hydrocarbon receptor. 

Prior to the present disclosure, HIF was known to be regulated in several ways by oxygen 
availability, but only via mechanisms that are based on oxygen-sensitive enzymes that covalently 
modify portions of the HIFa subunit at sites distant to the PAS domains (Bruick & McKnight, 
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Science 294(2001): 1337-40; Jaakkolaet al, Science 292(2001): 468-72; Ivan etal, Science 
292(2001): 464-8; Lando et al, Science 295(2002): 858-61). These findings demonstrated hvo 
independent modes of oxygen regulation that do not involve the PAS domains, which taught 
away from any expectation that the HIF PAS domains would be sensory. 

In addition, HIF2a PASB presents a well-folded domain, which significantly contrasts 
with the dynamic regions of PASK PAS A (Amczcua et al> Structure 10(2002): 1349-61; Erbel 
et al, 2003, supra), further removing any expectation of core ligand binding. Indeed, the 
structure of the ligand-free [apoj form of HIF2a PASB is in contrast with the apo-structures of 
the many small ligand-binding protein domains, which either exhibit pre-formed cavities or 
pockets for ligands to bind or alternatively adopt an unfolded (and often, chaperone-bound) 
conformation. The HIF2a PAS B structure shows neither of these. 

Based on what was known prior to this disclosure, it is my opinion that one skilled in the 
art at the time of the filing date would not have expected HIF2a PAS to provide a core for 
sensory ligand binding. 

I hereby declare that all statements made herein of my own knowledge are true and that 
all statements made on information and belief are believed to be true; and further that these 
statements are made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful, false statements may jeopardize the validity of the application and 
any patent issuing therefrom. 
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Predominant Roic of Hypoxia-Inducible Transcription Factor (Hif)-1« versus 
Hif-2tv in Regulation of the Transcriptional Response to Hypoxia 1 

Heidi M. Sowtcr, Raju Raval, John Moore, Peter J. Ratclil'fc, and Adrian L. Harris 2 
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Abstract 

Tumor hypoxia lndoce.< the up-regulatlnn nf a gene program associated 
with angingenesK glycolysis, adaptation co pH, and apoprnsls via the 
hypoxia-Inducible transcription faexon; (Hift) I and 2. Disruption of this 
pathway has been proposed a* a cancer therapy. Here, we use short 
interfering RNAs to compare specific iuactivation at Hif-1 or Hii-2« and 
show markedly different ceU type-specific effects on gene expression and 
cell migration. Remarkably, among a panel nf bypnxiu-induclhle genes, 
responses were critically dependent nn Hif-1 a but not Hff-2 a In bnth 
endothelial and brcust cancer cells bat critically dependent on Hif- 2 « in 
reual carcinoma cells. 

Introduction 

Hypoxia is un important process in the progression and treatment 
resistance of many human cancers (1). The majority of human cells 
share a common mechanism of oxygen sensing mediated by Hifs 3 1 
and 2. These proteins axe beteroditners consisting of a subunits, 
TTif-la and TTif-2n» (also known as endothelial PKR-ARNT-STM do- 
main protein I) that dimerize with the constitutively expressed aryl 
hydrocarbon receptor nuclear trans locator (also known as Hif-1 13; 
reviewed in Ref. 2). Both Hif-a molecules are subject to similar 
regulatory processes involving enzymatic hydroxy lation of conserved 
prolyl and asparaginyl residues that target them tor degradation via 
the VHL ubiquitin E3 ligase complex (reviewed in Ref. 3). Moreover, 
in transaction assays, both transcription factors activate a range of 
hypoxia response elements with similar efficacy (4, 5). 

Despite these striking similarities, genetic studies have provided 
firm evidence foT nonredundant functicms. Targeted mactivation of 
Hif-1 a and Hif-2a in embryonic stem cells is associated with different 
patterns of response to hypoxia and low glucose stress (6), and 
different developmental defects are observed in Hif-1 a~'~ and Hif- 
2a~'~ mouse embryos (for review sec Ref. 3). In part, differences 
may relate to distinct patterns of cellular expression. For instance, in 
the kidney, whereas hodi transcription factors are abundantly ex- 
pressed, TTif-l« is the predominant form in epithelial cells, whereas 
Hif-2d is predominant in interstitial fibroblast and endothelial cells 
(7). However, many cancers and cell lines express bodi isofonns. The 
expression of the two Hif-a isoforms at similar levels in this setting 
might be predicted to lead to a level of redundancy. Nevertheless, 
overexnression of Hif-2o\ but not Hif-1 a, promoted growth of renal 
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cell carcinoma cells (8, 9) yet inhibited growth of breast cells ( I OX 
suggesting distinct effects on bio log}'. These findings raise important 
questions as to what extent Hif- 1 rr and llif-2rr have overlapping or 
redundant transcriptional functions in the cancer setting, whether 
expression of particular Hif transcriptional targcrs arc always Jinked to 
expression of a particular Hif-a isoforms, or whether transcriptional 
selectivity varies according to cell background. 

We have used siRNAs to specitleally inhibit Hit-la and Hif-2a 
productioji in human breast and renal carcinoma ceil lines and in a 
human endothelial cell line, which express differing levels of Hif-1 a 
and Hif-2o\ ranging from isolated expression of Hif-1 a to isolated 
expression of Hif- 2/*. The role of each molecule on induction of 
specific Transcriptional targets with a variety of functions in the 
hypoxic response was dicn investigated. 

Materials and Methods 

siRNA Duplexes. The siRNA oligonucleotides were designed after rhe 
recommendations of Elbashic et ah {J 1) and were synthesized and high- 
performance li<[uid chromalogiaphy purified ai Transgcnouuc Labonuot ics 
(tllasgmv. United Kingdom). The I lit- la j&iRNA duplex targeted miole-rKides 
1521-1541 of the Hif- ia ml?NA sequence {NM(ini530| and comprised of: 
sense 5'-CUGAUGACCAGCAACUUGAdTdT-3 , and antisense 5'-UCAAG- 
UUGCUGGUCAUCAGdTdT-3'. The Hif-2a siRNA duplex uurgded uuclco- 
cides 1260-1280 of the UU-2« inRNA sequence (NM001430) and comprised 
of sense 5'-CArrCAUCUl.nunAUAGCAGUdTdT-3' and antisense 5'- 
A CUGCU AUC A A AGAUGCUGdTdT-3 ' . The irrvtnedHif-la control duplex 
did nor target any gene :uul comprised of sense 5'-AGUUCAACGAC- 
CAGLAGUC^TdT-3' auid antisense 5 -GACUACUGGUCGUUGAdTdT-3'. 
rniplexe^ weie prepared by mixing 50- /im CiiricentratSon.^ of antiften^c and 
sense oligonucleotide* with annealing buffer [3f> m\f HHPES (pH 7.(1). lOfl mM 
potassium acetate, and 2 ium magnesium acetaiej, heat denaturing for I min at 
85 = C, and anncaluig ai 37°C for 1 h Duplex formation was comlrmcd by 
electrophoresis tluough 5"X> low melting tcmpcramre agarose (NuSicvc GTG; 
KMC Biopnttiucte, Rockland MK). Additional siRNA duplexes used thr 
confirmation of the specificity of particular effects were prepared a& above and 
targeted to nucleotides 1510-1530 (A ACG A C ACAG A A A CTG ATG AC) of 
the Hif-la mRNA sequence and nucleotides 328-348 (AAATCAGCTTCCT- 
GCCrA.ACAO of the Hit -2 a mRNA sequence. 

Cell Culture. MDA 435 cells. MDA 46H cells {breasL cancer), 78o-{| cells 
(renal cancer}, and HUVECs {endothelial) were obtained from the Cancer 
Research United Kingdom cell service. Brcusi and renal Ciuiccx cc\k were 
grown in DMEN4 supplemented with 10 l /o FCS CGlobephaiUi), L-gluiamiiic \2 
/iM), penicillin |50 ILT/rr,I). and streptomycin sulfate {50 ug'inl). HUVKCs 
were grown in the media supplemenied as above but with 2U% FCS phis 
endothelial cell growth supplement and heparin (Sigma) a<id grown on plates 
coated with 2% gcIatht'PBS. Experiments were perfonncd ou dishes of cells in 
nan n ox ia {humiditted air with 5% CO x ) \rr hypoxia [hypoxic condkinns were 
generated in aNapco 7fHH incubator {Precision Scientific) with 0.1% O,, 5% 
CU 2: and balance NJ. 

siRNA Treatment uf Cells. Cells were plated oulo 10-cm 2 cell culuuc 
dishes and grown to 30-50% coullucuce before uncslcccion. The duplexes 
were diluted to give a tinal con central ion of 20 nM in Opti-Meni I (rnvitrngen 
life Technologies, San Diego, CA). Twenty-five a) ot Oligofect amine trans- 
fection reason -Inviuogcn Life Technologies) were added, and xhc mbcttuc 
30 
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incubated nt room temperature for 25 min. The cells were rinsed with Opti- 
Mem I to remove any residual serum ar»d incubated with the oligonucleotide 
duplexes in serum- free conditions for 4 h at 37*C. Serum was then added back 
to the culture, and cells were incubated for an additional 24 h before beginning 
an experiment. 

RNA Trtparaliiin and RNase Pniteclwin Assay. Cells were rinsed with 
?DS and drained thoroughly. RNA was extracted from the cells using the 
solution O method described by Chomczynski and Sacchi \ ': 2) and assessed by 
absorbance at 260/280 nm. The RNase protection assay protocol and genera- 
tion of l2 P- labeled RNA probes to HiMa, Hif-2a, and U6 small nuclear RNA 
has been described previously (4>. Protected fragments were resolved on an 8% 
polyacrylamide gel and analyzed on a Phosphorlmager (Molecular Dynamics, 
Sunnyv ale, OA). 

Western Blotting. Cells were washed thoroughly with PBS before being 
homogenized in a lysis buffer containing 8 M urea. !0% SDS. 1 fci DTT. and 
prolease inhibitors. Samples were electrophoresed or. a 10% SDS-PAGE gel 
and transferred onto a polyvinytidenc difluoride membrane (Millipore, Bed- 
fordshire, United Kingdom). Proteins were detected using monoclonal anti- 
bodies to Hif-la (Signal Transduction Laboratories), Tlif-2a (4), CA9 (13), 
GLUT-1 ( Alpha Diagnostic. San Antonio, TX), glyceratcehyde-3- phosphate 
dehydrogenase (Abeam, Cambridge, United Kingdom), and BNip3 (14) at 
1:1.000, 1:1,000, 1:500, 1:250, 1:2,000. and 1:20,000, respectively. As a 
loading control, a mouse monoclonal antibody to j3-tubuiin (Sigmat was used 
at i:20,000. Overnight primary antibody incubation was followed by incuba- 
tion with goat anti mouse or rabbit horseradish peroxidase (Dako) and en- 
hanced chemiluminescence developing reagents (Amersham). Blots were ex- 
posed to ftlm for between 30 s and 2 min. 

Measurement of VEGF and aPAR Supernatant was harvested from 
treated cells and centrifuged to remove cell debris. Secreted VEGT* and uPAR 
were measured in the supernatant using the respective Quantiktne EIJSA kit 
(R&D Systems, Abingdon, United Kingdom) as per the manufacturer's in- 
structions. The amount of VEGF and urAR in the supernatant was normalized 
to the final number of cells in the dish from which it was harvested. 

Cell Migration Assay. Cells treated with siRNA as described above were 
incubated in 0.1% oxygen for 16 h, removed from the culture dish using 2 ir.M 
EDTA, and resuspended in 1% FCS media. A total of 200 fi\ of semm-free 
media containing 1.5 X 10* cells was placed into the top of migration 
chambers with 8-/im filters (24-wetl plate format Falcon), which were stand- 
ing in wells containing 700 /xl of media containing 10% FCS. The cells were 
incubated at 57°C for A h, after which the chambers were removed from the 
wells and coded for analysis by a blinded observer. Cells that had migrated to 
the bottom of the filter were fixed with 2.5% glutar aldehyde for 1 5 min, rinsed 
thoroughly with PBS, and stained with 0.1% crystal violet for 2 min. The total 
number of cells on the bottom of each filter was counted under a microscope, 
and each experiment was performed in triplicate on at least three occasions. 

Results 

Specificity of siRNAs Targeted to Hif-la and Hif-2a. We syn- 
thesized siRNA oligonucleotides that specifically target Hif- la or 
Hif-2ot mRNAs for degradation and transfected these into cells 24 h 
before hypoxic stimulation RNA extracted from the treated cells was 
subjected to RNAse Protection Assay analysis for Hif- 1 a 3nd Fftf-2«. 
MDA 468 and HUVECs expressed transcripts encoding both Hif- 1 a 
and Hif-2a (Fig. 1), whereas the MDA 435 cells did not express 
Hif-2« mRNA (Fig. I), and the 786-0 cells did not express Hif-la 
mRNA (Fig. I). Treatment of the cells with the siRNAs ablated the 
expression of Hif-la and Hif-2a mRNA specifically in that the 
Kif-la siRNA did not affect the Htf-2cc gene expression and vice 
versa (Fig. 1). [nverted siRNA controls of the Hif-la and Hif-2a 
siRNAs had no effect on the expression of either gene; the inverted 
Hif-la siRNA was used as the control in all experiments described 
(Figs. 1 4). When cells were transfected with both siRNAs, expres- 
sion of Hif-la and Hif- 2a was ablated. No cell toxicity was noted 
after transfection with either of the siRNAs or with Oligofectamine 
alone (described as the negative control). To confirm the specificity of 
the technique, siRNAs targeted to another region of the Hif-la and 
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Fig. I. RNase protection analysis of RNA CTcracted from NfDA 46S cells {A). MDA 
435 cells (Si 786-0 cells |C>. and HUVECs [D\ Cells, were mock tramfected ( -) or 
subjected to siRNA directed to Hif-lo: (I). W\f-1v. [2\ both Hif- lot and Hif-2« (b>. or 
inverted control (0 before y.ibsequent incubation for if? h in 20% oxygen (N) or 0.1% 
oxy»en (H). Specific itown-regn latum ofHif-la or Hif-2« mRNA nantrrrd after siRNA 
f»T each respective rranscTipi or both transcripts. The inv erted siRNA control had no effect 
on mRNA levels. Quantification of U6 small unclear RNA was used as a loading c ontrol. 



Hif- 2 a mRNAs were synthesized and transfected into MDA 468 cells, 
which were then subjected to hypoxic stimulation. The results ob- 
tained with these siRNAs were the same as described above in respect 
to specificity of Hif-la and Hif-2a targeting (data not shown). 

Expression of Hypoxically Induced Genes by Human Cell Lines 
After Treatment with siRNA for Hif-la and Hif-2«. The HIF 
system up- regulates the production of proteins with a wide range of 
functions in the homeostatic and apoptotic response (2, 3. 13, 15) to 
hypoxia and cell death in many different human cell types. To 
investigate the importance of Hif-la and Hif-2« in conferring such 
responses in different cell backgrounds, we analyzed the expression of 
CA9 (acid metabolism), BNip3 (cell death), GLUT- 1 (glucose/energy 
metabolism), VEGF (angiogenesLs), and uPAR (proteolytic pathway 
of invasion) in MDA 435 cells, MDA 468 cells (breast carcinoma), 
7S6-0 cells (renal carcinoma), and HUVECs (endothelial) after treat- 
ment with Hif- la and/or Hif-2« siRNA. Protein levels were measured 
using Western blot analysis (CAP, BNip3. and GLUT- 1) or ELTSA 
(VEGF and uPAR). 

Analysis of the breast carcinoma cell lines revealed that MDA 468 
cells expressed both Hif-la and Hif-2a protein (Fig. 2), whereas 
MDA 435 cells expressed only Hif-la protein (data not shown). In 
both cell lines, hypoxic induction of CA9, BNip3, GLUT- 1, VEGF, 
and uPAR protein was inhibited by treatment with Hif-la siRNA but 
not affected by Hif-2a siRNA. Silencing both Hif- 1 a and Hif-2a had 
the same effect as silencing wiU\ Hif-la, and the inverted control 
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Tig. 2. A s Western him analysis of protein extracted from MDA 
468 cells and HUVECs after treatment as describe:! in Fig. 1. 
. Specific do\vrn«f;i:laii.')r. of Hif- 1 a at Wtf-2<? protem occitrred after 
siRNA for each respective trailer* or both transcript*. The in- 
verted siRNA control had r.o effect on protein levek. Hypoxic 
rndwtion of CA9. GLUT-1. and BNip3 protein was blocked after 
siRNA for Hif-I« but not after siRNA for Hif-2os. siRNA against 
both genes also resulted in the dowT.-regulation of the target genes. 
£. VTiGF levek an J uPAR lavsls iC) in mrdia conditioned by MDA 
468 I S and and TTUVBCx <C). normal ized to final cell number. 
Normoxic <tt hypoxic treatment of cells is indicated by □ and ■. 
respectively. Experiments were performed m triplicate at least t hree 
times, and results from one representative experiment are shown. 
One-tailed, student / tests comparing each treatment with the hy- 
poxic mock control were performed, and significance is indicated by 
* for P < 0.05 and ♦+ for P < 0.01. 
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siRNA had no effect on the expression of any of the genes (Fig. 2; 
data not shown). The same results were obtained when MDA 468 cells 
were transfected with the confirmatory siRNA s (data not shown). 

Similar to the MDA 468 cell lines, HUVE Cs expressed both Hif- la 
and Hif-2<x protein after hypoxic stimulus (Fig. 2). Hypoxia did not 
induce HU VECs to express CA9 or secrete VEGF but did increase the 
levels of expression of BNip3, GLUT- 1, and uPAR. Pretreatment of 
HUVECs with siRNA to Hif- let ablated the hypoxic induction of 
BNip3, GLUT- 1, and uPAR, but Hif-2« siRNA treatment had no 
effect on protein production (Fig. 2). 

The renal carcinoma cell line 786-0 expressed Hif-2« but not 
Hif- lot, and because this cell line lacks functional VHL, expression of 
Hif-2a was seen constitutive!)' under normoxic conditions (Fig. 3). 
VEGF and GLUT-1 proteins were also constitutive ly expressed, but 
BNip3 and CA9 proteins were not expressed at detectable levels. 
uPAR was coastitutively expressed by 786-0 cells but at 2-fold lower 
levels than by breast or endothelial cells. Treatment of cells with 
siRNA to Hif-2a reduced the expression of GLUT-1 and VEGF, 
whereas siRNA to Hif- let had no effect (Fig. 3). Expression of uPAR 
was not affected by siRNA to II if- 1 a or Hif-2<x. 

Cell Migration Induced by Hypoxia Is Affected by Pretreat- 
ment with siRNA to Hif- la or Hif-2a Depending on the Cell Type. 
Intratumoral hypoxia is correlated with increased risk of invasion in 
human cancer {l), and hypoxia increases the invasion of colon carci- 

61 



noma cells (16). To elucidate which hypoxia- induced transcription 
factor is involved in this process, we analyzed MDA 468 and HUVE 
cells treated with siRNA for Hif- la or Hif-2a and normoxia or 
hypoxia in a cell migration assay. Cells subjected to hypoxia showed 
increased migration compared with the cells that had remained in 
normoxia, and treatment with inverted siRNA or mock transection 
had no effect on the migration response. In MDA 435 cells, the 
hypoxic response was inhibited by treatment with siRNA directed to 
Hif- la but not to Hif-2a. However, in MDA 468 and HUVECs. 
hypoxicaHy induced migration was inhibited by pretreatment of the 
cells with either Hif-la or Hif-2a siRNA. Treatment of cells with 
both siRNAs inhibited the hypoxically induced migration response in 
both cell lines but not more than with either alone (Fig. 4). 

Discussion 

In this study, we used siRNAs that specifically target degradation of 
mKNAs encoding Hif- 1 a or Hif-2a. After treatment with siRNA, the 
expression of Hif-lcc or Hif-2i* mRNA and protein was greatly 
reduced under hypoxic conditions. The effects of these siRNAs were 
analyzed in two human breast carcinoma cell lines, a human endo- 
thelial cell line, and a human renal carcinoma cell line containing an 
inactivating mutation in VHL. 

Our results indicate that in the breast carcinoma and endothelial cell 
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Fig. 3. .4. Western blot analysis of protein ex- 
tracted from 7864; cells after treatment a* dt- 
&:riberi in Fhj, E . 78(>-0 cells do no< express Hif- 1. 7. 
but specific down-regulation of HifOo prot?m or- 
amed after siRNA for Hif- 2 a-. The inverted siRNA 
and Hif- lot siRNA had no effect on Hif-^cr proiem 
levels. GLUT-1 protein is reduced after siRNA for 
Hif-2a but not after siRNA for Hif- 1 a. Somewhat 
unusually, there was a modest induction of 
GLUT-i after hypoxic stimulus, which was also 
inhibited by siRNA for Hif-2a. siRNA for both 
genes also resulted in the down-regulation of the 
target genes. tf.VEGF levels and uPAH levels {Ci 
rn mrdia conditioned by (he above eel Is normalized 
to Fmal cell number. Nrrrrr.oxic or hypoxic treat- 
ment of cells is indicated by □ and B. respective ly. 
Experiments were performed in triplicate at least 
three times, and results from one representative 
experiment are shown One-tailed, student / tests 
comparing each treatment with the hypoxic mock 
control were performed, and significance is indi- 
cated by + for P < 0.05 ami foT P < 0.01. 
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Fig. 4. Migration analysis of cells treated with a 
mock transfectinn I-} or siRNA for Hif-lot M). 
Hif-2<* 12). both Hif- lot and Hif-2« (b). or inverted 
control ( i) before subsequent incubation for 1 6 h m 
0.1% oxygen. The number of cells that had mi- 
grated through ;m 8 -tun filter was counted, and tlie 
mean and SD of iruee replicates in a representative 
experiment is shown graphically. A and if. hypoxi- 
ralry induced migration of MDA 468 cells is in- 
hibited by treatment with siRNA for both Hif-la 
and Hif-2a. B shows photographs of the bottom of 
a representative selection of migration chambers, 
with blue cells visible around the smaller round 
pores of the filter. C. hypoxically induced migra- 
tion of MDA 435 cells was inhibited by treatment 
with siRNA for Hif- la. net Flif-2a. whereas mi- 
gration of HUVECs was inhibited by siRNA for 
both Hit-la and Hif-Jo [D). 
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lines, the major Hif- a isoform required for induction of a set of 
well-characterized hypoxic genes is Hif- 1 or. Surprisingly, even in 
cells expressing both Hif-oc isoforms, Hif-2a did not substitute in 
regulating any of these genes when Hif- la was inactivated. Never- 
theless, functional analysis of ihe endothelial and breast carcinoma 
eel! lines revealed thai: both Hif-la and Hif-2o' are required for 
hypoxia- induced cell migration in cell lines that express both proteins, 
suggesting that there, are other actions of Hif-2a that have not been 
revealed in our studies of gene expression. Overall, however, the 
importance of Hif- la in these cells is in concordance with other 
studies that have reported Hif- la as a positive factor in tumor growth 
(17) and carcinoma cell invasion (16) in different, cells. The hypoth- 
esis that Hif- la is the major hyrwxia-induced transcription factor 
involved in breast carcinogenesis is supported by evidence that one of 
the breast carcinoma cell lines used in this study has lost-Hif-2a 
expression, and stable transfection of this cell line with Hif-2« re- 
sulted in its impaired growth as xenograft tumors compared with the 
parental line (10). 

In contrast with the above results, we found that in the VHL- 
defective 7S6-0 renal carcinoma line, in which the native Hif- 1 a gene 
is not expressed, some of die hypoxia-inducible transcripts were now 
critically dependent of Hif-2a. VHL is required for proteolytic regu- 
lation of both Hif- la and Hif-2a, and in VHL defective cells both 
isoforms are stabilized. However, there is an unusual bias toward 
enhanced Hif-2a mRNA expression in clear cell renal carcinoma that 
is not observed in the renal tubular epithelium from which these 
tumors are derived (7) but arises during tumor development ( 1 8). This 
may be because of an additional action of VHL on the H if system ( 1 9. 
20) and/or additional non-VHL mediated actions on Hifa isoforms 
tliat arise during the oncogenic process. The current results suggest the 
existence of another distinct interface between the HIF system and 
renal carcinogenesis that makes connections between Hif-2a expres- 
sion and certain hypoxia- inducible mRNAs. The finding that the 
Hif-2a pathway appears to be specifically activated in clear cell renal 
carcinogenesis by several steps strongly suggests a causal role for 
Hif-2« in development of the cancer. Interestingly, this is supported 
by comparison of results from two groups that have examined the 
expression of mutant forms of Hif- la or Hif-2a that escape VHL- 
mediated destruction on the tumor suppressor effect of expressing 
wild-type VHL in renal cell carcinoma cells. These studies have 
shown that stabilized Hif-2a but not Hif- la reverses VHL tumor 
suppressor function (8, 9). 

In conclusion, these studies have, for the first time, directly com- 
pared functional inactivation of Hif- la and Hif-2a in different cancer 
cell lines. The findings indicate that the actions are distinct and differ 
according to ceil background and suggest mat these differences are 
important in tumor development. 
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Biological responses to oxygen availability play important roles in 
development, physiological homeostasis, and many disease pro- 
cesses. In mammalian cells, this adaptation is mediated in part by 
a conserved pathway centered on the hypoxia-inducible factor 
(HIF). HIF is a heterodtmeric protein complex composed of two 
members of the basic helix-loop- helix Per-ARNT-Sim (PAS) (ARNT, 
aryl hydrocarbon receptor nuclear translocator) domain family of 
transcriptional activators, HIFa and ARNT. Although this complex 
involves protein-protein interactions mediated by basic helix- 
loop- helix and PAS domains in both proteins, the role played by 
the PAS domains is poorly understood. To address this issue, we 
have studied the structure and interactions of the C-termlnal PAS 
domain of human HIF-2a by NMR spectroscopy. We demonstrate 
that HIF-2<* PAS-B binds the analogous ARNT domain in vitro. 
showing that residues involved in this interaction are located on 
the solvent-exposed side of the HIF-2<* central /3-sheet. Mutating 
residues at this surface not only disrupts the interaction between 
isolated PAS domains in vitro but also interferes with the ability of 
full-length HIF to respond to hypoxia in living cells. Extending our 
findings to other PAS domains, we find that this j3-sheet interface 
is widely used for both intra- and intermolecular interactions, 
suggesting a basis of specificity and regulation of many types of 
PAS-containing signaling proteins. 

Cellular responses to oxygen availability are essential for the 
development and homeostasis of mammalian cells, demon- 
strated most critically by the link between the cellular adaptation 
to reduced tissue oxygenation and disease progression (1, 2). In 
mammalian cells, these responses are mediated in part by the 
hypoxia-inducible factor (H1F) ? a heterodimeric transcription 
factor composed of HIFa and aryl hydrocarbon receptor nuclear 
translocator (ARNT. also known as H1F/3) (3). HIF activity is 
tightly controlled under normoxic conditions by multiple Oi- 
dependent hydroxylation events of the HIFa subunit, which 
coordinate^ promote the ubiquitin-mediated destruction of this 
protein (4) and impair its ability to interact with transcriptional 
coactivators (5, 6) (Fig. la). These controls are relieved during 
hypoxia, allowing HIF to activate the transcription of genes that, 
facilitate metabolic adaptation to low oxygen levels and increase 
local oxygen supply by angiogenesis (7). 

All three isoforms of HlFcr [HlF-lo, -2a (EPAS1), and -3 at] 
(8, 9) and ARNT belong to the basic helix-loop-helix (bHLH)- 
Per-ARNT-Sim (PAS) family of eukaryotic transcription fac- 
tors, which contain bHLHand PAS domains (Fig. l).ThebHLH 
domains of these proteins serve as dimerization elements, help- 
ing determine the specificity of complex formation while pro- 
viding a DNA -binding interface composed of the basic regions 
from each monomer (10). PAS domains are widespread com- 
ponents of signal transduction proteins, currently identified in 
>2,00fl proteins from organisms in all three kingdoms of life. 
T hese domains, shown to be protein-protein interaction ele- 
menls in several systems (11). also appear to contribute to the 
dimerization process and thus increase the specificity of bHLH- 
PAS transcription factor formation (12. 13). In the case of the 
HIFa /ARNT complex, coimmunoprecipitation and gel mobil- 



ity-shift experiments using truncated forms of HIFa and ARNT 
suggest that although the hHLH domains alone are able to 
dimerize, the PAS domains are required to build a stable 
heterodimer capable of robust DNA binding (14, 15). These data 
suggest a model of the complex where the bHLH. PAS-A. and 
PAS-B domains of ARNT interact with their counterparts in 
HIFa* (Fig. Id). However, most of this mod el remains speculative 
in light of the sparse data describing how PAS domains bind to 
each other, or more generally, to any protein partner. 

To provide insight into this general topic of PAS domain 
signaling, particularly its importance in the hypoxia response 
pathway, we have studied the structure and interactions of the 
C-terminal PAS domain of human HlF-2ee (HlF-2a PAS-B) by 
NMR spectroscopy. We report that HlF-2ra PAS-B adopts a 
structure similar to other members of this family, with a central 
>3-sheet flanked on one face by several a-helices. We further 
show that HlF-2a PAS-B binds directly to the human ARNT 
PAS-B domain in vitro, identifying the interface as a group of 
residues located in the central strands of the sheet. With 
structure- based mutations of this interface in the PAS-B do- 
mains of HIF- let and -2a, we demonstrate that such changes 
interfere with the binding of isolated PAS-B domains in v'Uw but 
more importantly disrupt the ability of full-length HIF proteins 
to respond to hypoxia in living cells. These observations led us 
to compare PAS domains from multiple systems, showing lhat 
the /3-sheet interface participates in a wide range of inter- and 
intramolecular interactions and suggesting a way that specificity 
and regulation may be achieved among these versatile domains. 

Materials and Methods 

Protein Expression and Purification. DNA-encoding fragments of 
human HIF-2* PAS-B (residues 240-350) and ARNT PAS-B 
(residues 356-470) were subcloned into the pG/31-parallel and 
pHis-parallel expression vectors, respectively (16. 17). Esche- 
richia coli BL21(DE3) cells transformed with these plasmids 
were grown \\\ M9 media containing 1 c/liler l5 NH4Clfor U- i5 N 
samples (supplemented with 3 g/liter ^Cci glucose for U- ,5 N/ ! *C 
labeled samples). These cultures were grown at 37°C to an^^i 
of 0.6-1.0, then induced overnight, at 2CPC by the addition of 0.5 
mM isopropyl /3-o-thiogalactoside. 

The purification of HlF-2a PAS-B has been detailed (18). 
NMR samples typically contained 0.9 mM protein in 50 mM Tris 
buffer (pH 7.3)' 15 mM NaCI. 5 mM DTT, 5 mM NaN 3 and a 
protease inhibitor mixture (Sigma) in 90% H*O/10% D^O, 
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